BACKGROUND: Various studies have reported interactions between thyroid hormones and early life chemical exposure. Our objective was to analyze the associations between markers of endocrine-disrupting chemical exposure and thyroid function in newborns, determined through heel prick blood spots. METHODS: Three European mother-child cohorts (FLEHSIBelgium, HUMIS-Norway, and the PCB cohort-Slovakia. Total n = 1,784) were pooled for the purpose of this study. Data on thyroid-stimulating hormone (TSH) were obtained from national neonatal screening registries, and samples of cord plasma and/or breast milk were collected to determine exposure to various chemicals. Multiple regression models were composed with exposure and cohort as fixed factors, and adjustments were made for a priori defined covariates. RESULTS: Median TSH concentrations were 1, 1.10, and 2.76 mU/l for the Belgian, Norwegian, and Slovak cohorts, respectively. For polychlorinated biphenyl (PCB)-153 and dichlorodiphenyldichloroethylene (p,p′-DDE), children in the third exposure quartile had a 12-15% lower TSH at birth. Results remained unchanged after additional adjustment for birth weight and gestational weight gain. No effect on TSH was observed for the other compounds. CONCLUSION: Early life exposure to PCB-153 and p,p′-DDE impacts newborn TSH levels. Higher exposure levels were associated with 12-15% lower TSH levels.
T he use of synthetic pesticides in agriculture grew rapidly after the Second World War, and although certain pesticides are now banned their presence can still be detected in the environment. The Centers for Disease Control and Prevention (CDC) released a report on human biomonitoring in the United States, showing that a variety of pesticides could be detected in 90-100% of participants (1) . Furthermore, the presence of several groups of chemicals (polychlorinated biphenyls (PCBs), organochlorine pesticides, perfluoroalkyl substances (PFASs), brominated flame retardants (PBDEs), phthalates, and polycyclic aromatic hydrocarbons (PAHs)) could also be detected in 99-100% of pregnant women (2) . As several of these chemicals have been detected in cord blood (3) and amniotic fluid (4) , it is clear that the placenta does not protect the fetus from exposure.
Exposure to chemicals during the prenatal period has been associated with adverse health effects in children as well as in adults (5) . Increased risk for higher body mass index (BMI) during childhood was found to be related to prenatal exposure to PCBs (3), p,p′-dichlorodiphenyldichloroethene (p,p′-DDE) (6) , hexachlorobenzene (HCB) (7) , and dioxin/furans (8) . Prenatal exposure to perfluorinated alkyl acids was associated with an increased risk for a higher BMI and larger waist circumference in 20-year-old females (9) . Furthermore, PCBs, HCB, and chlorpyrifos have also been found to be associated with behavioral disorders, including attention-deficit hyperactivity disorder and autism spectrum disorders (10) .
The toxic effects of chemicals may be attributed to various mechanisms, including interference with hormonal function, which may have long-lasting consequences, especially during periods of great developmental plasticity (11) . Various experimental studies have reported interactions between endocrine-disrupting chemical (EDC) exposure and plasma thyroid hormones (TH) (12) . The thyroid gland produces thyroxine (T4) and triiodothyronine (T3), which are regulated through a negative feedback loop with thyroid-stimulating hormone (TSH) excreted by the pituitary gland. The fetus depends on the mother for supply of thyroid hormones until the fetal thyroid gland reaches maturity, which is around week 16 of gestation (13) . As TH are involved in neurogenesis, neuronal migration, and myelination, they are essential for brain development (14) . Prenatal exposure to the PCB metabolite 4-OH-2,3,3′,4′,5-pentachlorobiphenyl resulted in lower total T4 levels in both male and female rats at postnatal day 4 (15) . No effects were observed on TSH. Shi et al. (12) exposed zebrafish to 200 μg/l pefluorooctane sulfonate (PFOS) through the water and observed an upregulation of TSH gene expression. However, at higher dosage (400 μg/l) downregulation of the TSH gene was observed, which may be an indication of a non-linear dose-response relationship, a phenomenon frequently observed with EDCs (16) . Observational studies have also reported associations between environmental exposures and TH. Cord blood PCB-153 was negatively associated with thyroid-binding globulin (TBG) in newborn Inuit children (17) and positively associated with TSH in a cohort of Spanish children (18) . HCB, DDE, and perfluorooctanoic acid (PFOA) exposure has also been associated with cord blood TSH and T4 (19) . Early life exposure to several PBDE congeners showed inverse associations with plasma T3 or free T3 levels (20) . However, other studies have reported positive associations between exposure to PBDEs and both cord blood T3 and T4 (21) , and some have observed no effect at all (22) . Results on PCB-153, p,p′-DDE, and HCB are also inconclusive, as several studies have reported no effect of exposure on plasma TH (22) .
Otake et al. (23) observed an association between thyroid hormones measured in heel prick blood spots and PCBs measured in umbilical cord tissue. No association was observed between concentrations of total PCBs or individual congeners and either fT4 or TSH levels. However, total hydroxylated PCB (OH-PCB) metabolites and OH-PCB-187 were associated with higher fT4 levels. The use of heel prick blood is interesting because this matrix is available for all children in many countries where it is collected as a part of national screening programs. Furthermore, stress associated with delivery may influence TSH levels in cord blood (24) . Heel prick blood is sampled a few days after birth, when the effects of delivery have started to level off.
To explore the association between markers of EDC exposure and thyroid function in newborns, we used TSH levels determined in heel prick blood from three birth cohorts participating in the OBELIX project (25) . To our knowledge, this is the largest study conducted on this topic thus far, including on multiple types of chemicals such as polychlorinated biphenyls, organochlorine pesticides, flame retardants, and perfluorinated alkyl acids.
METHODS

Description of Cohorts
Three cohorts from across Europe, participating in the OBELIX project (25) , and all including live-born singletons, were included ( 
TSH
Heel prick screening after birth that is focused on detecting inborn errors of metabolism, such as phenolketonuria, is a common methodology of screening in many countries, including the countries to which the cohorts of this study belonged. Within 4-6 days of birth, blood samples were collected on a filter paper from each newborn through heel puncture, which were then analyzed for TSH. TSH was analyzed by means of Autodelfia (limit of detection [LOD]: 1 mU/l) (26) , except for the Slovak samples, which were analyzed by the immunoluminometric quantitive method (analytical sensitivity: 5 mIU/l; neo TSH ILMA Kit, fi Immunotech Beckman Coulter, Bratislava, Slovakia).
Exposure to EDCs
Exposure was assessed in either cord blood (FLEHSI and PCB cohort) or breast milk (HUMIS and PCB cohort). Breast milk in HUMIS was sampled~1 month after delivery, and each participant was asked to collect a pooled sample over eight consecutive days. Breast milk in the PCB cohort was collected at day 14 after delivery. Samples were analyzed for PCB-153, p,p′-DDE, HCB, PFOS, PFOA, BDE-47, BDE-99, and HBCD. Data on PCB-153, p,p′-DDE, and HCB were available on all three cohorts, whereas the other compounds were only determined in HUMIS and the PCB cohort. More information on chemical analytical measurements is given in Supplementary Material S2.
Covariates Information on the sex and birth weight of the child, weight and height of the mother, and maternal GWG was extracted from medical records of the children or from their mothers. Gestational age was calculated on the basis of ultrasound measurements or from the first day of the last menstrual cycle, or by a combination of both methods. Questionnaires were used to collect data on the mother's birth date, parity, maternal smoking during pregnancy (yes/no), and alcohol intake during pregnancy (drinks per week).
Data Analysis
Data analysis was performed using SPSS version 21 (IBM, Armonk, NY). Exposures below the LOQ were replaced by LOQ/√2. Similar to previous studies on other European cohorts, conversion factors were used to transform levels in breast milk to levels in cord blood (27) . The following conversion factors were used:
As the method to measure TSH was different in Slovakia compared to that in other cohorts, we tested for interaction between cohorts. None of the interaction terms reached statistical significance (P40.10); therefore, we continued with pooled analysis. For each compound, we fitted multiple regression models with exposure and cohort as fixed factors. Distribution of TSH was checked for normality and outliers using histograms. Owing to the skewed distributions of TSH for all cohorts, we applied a natural log transformation. Furthermore, there was no linear relation between TSH and the majority of compounds; therefore, we categorized each exposure into quartiles on the basis of pooled data of all cohorts and included these as dummy variables in the models.
Covariates were selected using a Directed Acyclic Graph ( Figure 1 ; Supplementary Material S3). For continuous covariates, the association with TSH was checked and covariates were included in the models regardless of the degree of confounding of the association between exposure to compounds and TSH. As birth weight is considered to be associated with maternal thyroid hormones, TSH and EDCs, we created an adjusted model with and without this variable. Gestational weight gain was added to the models as well, as there are indications that this is an important confounder. However, it is not clear how this may differ for lipophilic and non-lipophilic compounds; therefore we added this parameter to the models separately.
Multiple imputation was used to account for missing data (5.64%). The imputation model included all the variables included in the models. As data was mainly missing for gestational weight gain (39.3%) and alcohol consumption (6.1%), we also included education in the imputation model.
For each model, we plotted and checked the residuals for normal distribution. We assessed effect modification by sex and smoking, and performed stratified analyses if the P-value of the interaction term was Po0.10.
RESULTS
The cohorts were similar for most characteristics ( Table 1) . In FLEHSI, a higher percentage of participants were nulliparous, whereas mothers were on average younger in the PCB cohort, and HUMIS children were heavier at birth. When compared on basic characteristics, excluded mother-child pairs were similar to those included, except regarding birth weight and smoking. Excluded children from the FLEHSI cohort had a significantly lower birth weight than did included children from this cohort (Po0.05), whereas excluded mothers from HUMIS tended to smoke more than those included (Po0.05). TSH levels were comparable for FLEHSI and HUMIS, whereas median TSH in the PCB cohort was considerably higher (median TSH, respectively, 1, 1.10, and 2.76 mU/l) ( Table 2 ). This was similar for the P90, which was higher in the PCB cohort. The percentage of samples olimit of quantification (LOQ) was 46.1 and 22.9% for FLEHSI and HUMIS, respectively.
Median levels of PCB-153, p,p′-DDE, and HCB were higher in the PCB cohort compared with those in the other two cohorts ( Table 3 ). Exposure to PFOA was comparable in HUMIS and the PCB cohort. For PFOS, however, median exposure levels were higher in HUMIS (median PFOS HUMIS: 75.5 ng/l vs. PCB cohort: 32 ng/l). All three flame retardants were detectable at very low levels in HUMIS in the majority of participants, but relatively high levels were observed in some samples. For example, the median BDE-47 level was 0.96 ng/g lipid, with a minimum exposure level of 0.15 ng/g lipid, whereas the maximum exposure level was 55.76 ng/g lipid.
We observed an overall significant negative association between exposure to PCB-153 in quartiles and TSH levels in heel prick blood spots for both the crude and adjusted models (P = 0.018 and P = 0.07-0.008, respectively) ( Table 4) . Including birth weight and gestational weight gain in the models did not affect the results. Also for p,p′-DDE an overall negative association between exposure and TSH was observed, which reached statistical significance after adjustment (crude: P = 0.059; adjusted: P = 0.037-0.040). TSH was not statistically significantly associated with any of the other compounds. We observed no interaction with either sex or smoking.
For PCB-153 exposure, the only significant association with TSH concentration was in the third exposure quartile as compared with the first quartile of exposure. In the adjusted model, the ratio of the geometric mean of TSH in the third quartile compared to that in the first quartile of exposure was 0.86 (95% confidence interval (CI): 0.76-0.96), indicating that these children had a 14% (95% CI: 4-24%) lower TSH level at birth. Also for p,p′-DDE, a lower TSH level was observed in the third quartile, a difference that was significant across all models (ratio adjusted GM Q3 vs. Q1 = 0.85; 95% CI: 0.75-0.96).
DISCUSSION
The objective of this study was to study associations between early life exposure to selected EDCs and TSH levels in heel prick blood spots in three European birth cohorts. For two of the cohorts, FLEHSI and HUMIS, TSH levels were comparable; however, the median TSH level in the PCB cohort was considerably higher. In the largest study to date on EDCs and TSH, we found higher PCB-153 and p,p′-DDE levels to be associated with a decrease in TSH levels in newborns, and associations appeared to be non-linear.
Overall significant associations between PCB-153 exposure and TSH levels were observed. The results are similar to what Dallaire et al. (17) had observed in plasma samples from 7-month-old Inuit infants, as well as in cord blood samples from infants from the Nunavik region in Canada (28).
However, in both studies, associations were attenuated after adjustment. Most studies to date have not observed any association between TSH levels in newborns and exposure to PCB-153 (22, 29) , whereas one reported a positive association (18) . However, these studies measured TSH levels in cord or infant blood, collected shortly after birth, which may not be the ideal matrix as TSH levels may have been elevated because of delivery. Only one small study (n = 23) measured TSH levels in heel prick blood spots and found no association with PCB-153 exposure (23) .
We also observed significantly lower TSH plasma levels within the third quartile of p,p′-DDE exposure. Ribas-Fito et al. (30) previously published a negative association between p,p′-DDE and TSH in cord blood (30) , in line with our findings. However, other studies are scarce and mostly report null associations. Associations between p,p′-DDE and TSH remained relatively stable after adjustment for gestational weight gain (GWG), though not for all imputed data sets. We included GWG in our models as a potential confounder because maternal weight gain dilutes the concentrations of toxicants (31) , and is related to both maternal TSH and fT4 (32) .
To date, most studies on BDEs and TSH have reported no associations (21, 22, 33) , although some studies, such as the one by Shy et al. (21) , do report associations with other thyroid hormones. However, similar to the studies on PCB-153, TSH was mostly measured in cord or infant blood, collected shortly after birth, which may have biased their results. We found no associations between BDE-47, BDE-99, and HBCD and TSH, in line with previous studies. Also for HCB, we observed no effect on TSH. Two previous studies, however, reported negative associations (19, 34) . In one of those studies, exposure levels were considerably lower than that in our cohorts (34) , whereas in the other study exposure was determined in the placenta, complicating comparability of exposure levels between studies (19) .
We observed no associations between PFOS, PFOA, and TSH. Only one study thus far has investigated PFOS or PFOA in relation to TSH levels in newborns (35) . However, no association was observed, although a positive increase in TT4 was seen. In addition, other observational studies have reported effects of PFAS exposure on thyroid hormones, both in the fetus and in the adult (36, 37) . As experimental studies have shown that these compounds may displace thyroid hormones from transport proteins such as albumin and transthyretin, it is plausible that PFAAs interact with thyroid hormone homeostasis (38) ; however, the findings of the current study do not support this assumption. We did not observe effect modification by sex, in line with previous studies. No sex-specific standards are used for the heel prick screening of thyroid disorders. However, thyroid disease occurs more frequently in women, and several studies have shown that there are sex-specific aspects to the regulation of thyroid hormones. Thyrocytes, for example, are known to have androgen and estrogen receptors (39) , and both androgens and estrogens may influence the growth and differentiation of these cells (40) , which is modulated through TSH (41) . Future studies should keep this in mind and be aware of possible sex-specific effects.
This study is unique in that it investigated a large variety of compounds across multiple cohorts. Variability in exposure levels was high, particularly for PCB-153, p,p′-DDE, and HCB, for which children in FLEHSI and HUMIS had relatively low exposure levels, similar to various other European cohorts (27) , whereas children from the PCB cohort had exposure levels similar to that found in Inuit populations (42) . This range in exposure levels has given more insight into dose-response relations, which were nonlinear in this study. Nonmonotonic dose-response curves are not unexpected, given the endocrine-disrupting properties of the chemicals (16) . However, to accurately assess doseresponse relations, replication from other studies with a similar dose range is required, these studies should include non-linear models. Furthermore, the health effects observed may be dependent on genetic factors, as well as on the presence of other chemicals. In this paper, we assessed exposure compound-by-compound, leaving mixture effects unaddressed. Although new methods for analyses are discussed, there is currently no clear strategy for analyzing these effects. One should bear in mind that the compound-bycompound approach may select highly collinear toxicants and does not address the additive or otherwise synergistic effects of the actual total mix of toxicants in the body.
A strength of this study is that neonatal screening for thyroid disorders is usually performed 4-6 days after birth. As TSH levels stabilize during the first 2 days after birth (43) , and sampling occurred after this period, we did not have to consider factors that are often expected to influence TSH levels in cord blood, such as mode of delivery (44) . Moreover, we were able to pool the FLEHSI, HUMIS, and PCB cohorts, resulting in the largest study published thus far on this topic. However, for the purpose of pooling, conversion factors were used, which may have introduced error and therefore may have attenuated associations. Furthermore, measurement of covariates may have differed per cohort, and as we could only use data that were available for all cohorts we have to consider the possibility of residual confounding. No corrections for multiple testing were applied, and spurious associations cannot be completely excluded. Although for some compounds the sample size was large, for the majority of compounds only data from a relatively small group of participants were available.
Indications of disruption of thyroid hormones by environmental chemicals have been mainly based on animal studies, except for PCB-153. For other chemicals, observational studies have been scarce and results are not convincing. Flame retardants were considered plausible candidates for thyroid hormone disruption in animal studies, but this has not been supported by data from human studies. With regard to PCB-153 and p,p′-DDE, previous studies thus far have not found convincing results for an association with TSH. We could only observe significant associations for PCB-153 in the imputed data set. These associations were robust and remained statistically significant after adjustment for confounders. This study therefore indicates PCB-153 and p,p′-DDE as potential disruptors of TSH.
CONCLUSIONS
In the largest study to date, we found an association between early life exposure to PCB-153, p,p′-DDE, and newborn TSH levels in three European cohorts. Higher exposure levels were associated with 12-15% lower TSH levels. Associations were quite robust for both PCB-153 and p,p′-DDE. Future studies should assess TSH after birth when it has stabilized and should not assume a linear association. Whether these lower TSH levels pose a risk to the infants requires substantiation from other studies.
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